Supplemental parenteral nutrition (SPN) is used in a step-up approach when full enteral support is contraindicated or fails to reach caloric targets. Recent nutrition guidelines present divergent advices regarding timing of SPN in critically ill patients ranging from early SPN (<48 h after admission; EPN) to postponing initiation of SPN until day 8 after Intensive Care Unit (ICU) admission (LPN). This systematic review summarizes results of prospective studies among adult ICU patients addressing the best timing of (supplemental) parenteral nutrition (S)PN. A structured PubMed search was conducted to identify eligible articles. Articles were screened and selected using predetermined criteria and appraised for relevance and validity. After critical appraisal, four randomized controlled trials (RCTs) and two prospective observational studies remained. One RCT found a higher percentage of alive discharge from the ICU at day 8 in the LPN group compared to EPN group (p = 0.007) but no differences in ICU and in-hospital mortality. None of the other RCTs found differences in ICU or in-hospital mortality rates. Contradicting or divergent results on other secondary outcomes were found for ICU length of stay, hospital length of stay, infection rates, nutrition targets, duration of mechanical ventilation, glucose control, duration of renal replacement therapy, muscle wasting and fat loss. Although the heterogeneity in quality and design of relevant studies precludes firm conclusions, it is reasonable to assume that in adult critically ill patients, there are no clinically relevant benefits of EPN compared with LPN with respect to morbidity or mortality end points, when full enteral support is contraindicated or fails to reach caloric targets. However, considering that infectious morbidity and resolution of organ failure may be negatively affected through mechanisms not yet clearly understood and acquisition costs of parenteral nutrition are higher, the early administration of parenteral nutrition cannot be recommended.
Introduction
Nutritional support in the intensive care unit (ICU) is highly debated as critically ill patients are frequently hypermetabolic, catabolic and at risk of both underfeeding and overfeeding. Enteral nutrition (EN) is frequently recommended over parenteral nutrition (PN) as it may preserve gut mucosal barrier function [1, 2] and has been shown to demonstrate beneficial effects on (gut) immunity. The current literature shows evidence in favour of early enteral nutrition (EEN) commenced within 24 to 48 h after ICU admission [3] . EEN is associated with decreased morbidity (lower infection rates, better wound healing, decreased mechanical ventilation duration, ICU and hospital length of stay and duration of recovery) [4] and even reduced mortality [5] . Therefore, EN is the preferred route over parenteral nutrition whenever EN is possible.
Achieving caloric targets with EN may be challenging in the critically ill. A caloric deficit frequently occurs due to slow intake progression, unnecessary stoppages, delayed gastric emptying, enteral feed intolerance and delays in post-pyloric feeding tube placement [6] . The cumulative deficit or caloric debt has been reported to be associated with adverse clinical outcomes. Villet and co-workers showed that delayed initiation of feeding resulted in a marked cumulative energy debt during the first week after ICU admission associated with an increase in infectious complications, days of mechanical ventilation and length of ICU stay. However, possibly not only energy deficit but also deficient protein intake may be relevant and is suggested to play a role in outcome [7, 8] .
In recent guidelines, controversy regarding the timing of supplemental PN (SPN) in ICU patients was found [7] [8] [9] . The European Society for Clinical Nutrition and Metabolism (ESPEN) guidelines recommend the addition of SPN within 24 to 48 h in patients who are expected to be intolerant to EN within 72 h of admission [7] , whereas the American Society for Parenteral and Enteral Nutrition (ASPEN) recommends postponing the initiation of PN until day 8 after ICU admission [9] .
SPN is used in a step-up approach when full enteral support is not possible or fails to reach caloric targets. This review based on a systematic literature review summarizes results of trials reported in ICU patients addressing the optimal timing of (S)PN.
Methods

Search strategy
A search was conducted on 4 November 2013 in PubMed to identify all published studies reporting on trials addressing the timing of (supplemental) parenteral nutrition in critically ill adult patients, combining synonyms for domain and determinants: ('critically ill' OR 'Intensive Care' OR 'ICU') AND ((parenteral OR intravenous OR i.v.) AND (feeding OR feedings OR nutrition OR pharmaconutrition)). No limits were used.
Duplicates were excluded and remaining references were screened using titles, abstracts and subsequently full texts. Inclusion criteria were compatible domains and determinants and a full text available in Dutch, English or German languages. Exclusion criteria were animal studies, nonadult studies, systematic reviews, meta-analyses, opinion papers, case reports, and evaluation studies of guidelines. References were reviewed for additional studies.
Critical appraisal
Using standardized criteria [10] , all selected articles were appraised on relevance and validity (Table 1) . Limitations in studies were evaluated, selected from letters to editors and reported per study.
Results are presented as primary end points per study and grouped by relevant end points. No recalculations of statistics of original results were performed.
Results
The search strategy yielded a total of 3,520 articles ( Figure 1 ). After the removal of duplicates and screening on predefined criteria, six articles remained (Table 2) . Four studies were randomized controlled trials (RCTs) [11, [13] [14] [15] , and two articles were prospective observational studies [12, 16] .
Baseline characteristics and feeding details of patients included in the studies are shown in Table 3 . In the study by Kutsogiannis significant differences between study groups in baseline age (mean age in the EN group 58.4 versus 62.3 years in the EPN group and 56.4 years in the LPN group) and body mass index (BMI) (mean BMI in the EN group 27.2 versus 24.5 kg/m 2 in the EPN group and 27.0 kg/m 2 in the LPN group) were observed [16] . In two studies [12, 16] , significant differences in baseline admission diagnosis and number of days in hospital before ICU admission were found. Tables 5, 6, 7, 8 and 9 , the categorized end points are shown for mortality, ICU and hospital length of stay, infections, nutrition targets, mechanical ventilation, glucose control, renal replacement therapy, muscle wasting and fat loss.
Mortality
Results are shown in Tables 4 and 5 . Casaer [13] reported a higher percentage of alive discharge from ICU after day 8 in the LPN group compared to EPN (p = 0.007) but no difference in ICU and in-hospital mortality. None of the other RCTs [11, 14, 15] observed differences in ICU or in-hospital mortality rates. Even after a follow-up of 2 years no mortality differences were found.
Kutsogiannis [16] found a higher mortality rate in LPN compared to EN, and the rate of patients discharged alive from hospital was lower in the group that received SPN compared to EN. However, in this study, no mortality analysis was performed comparing EPN and LPN.
ICU length of stay
Results are shown in Tables 4 and 6. All studies [11] [12] [13] [14] [15] [16] examined ICU length of stay and hospital length of stay resulting in contradictory results. In three studies [11, 14, 15] , there was no difference in ICU length of stay among all study groups. The other three studies reported results that are more difficult to interpret. Casaer reported an increased length of stay in the ICU in the EPN group compared to LPN (median 4 versus 3 days, respectively) [13] . Cahill and Kutsogiannis found a shorter stay in the EN group, compared to the PN groups. However, no analysis was performed comparing EPN and LPN [12, 16] .
Hospital length of stay
Results are shown in Tables 4 and 6 . Hospital length of stay was significantly prolonged in the EPN group compared to the LPN group in the study by Casaer [13] . However, Bauer [11] found a significantly shorter hospital length of stay in the EPN group. Both Cahill [12] and Kutsogiannis [12, 16] found a shorter length of stay in the hospital in patients not receiving any form of PN. They did not compare EPN with LPN. In the other studies, there was no difference in hospital length of stay [14, 15] .
Infections
Results are shown in Tables 4 and 7 . Rates of nosocomial infections were higher in patients receiving EPN in the study by Casaer compared to LPN (p = 0.008) [ [15] . In addition, the number of antibiotic days was found significantly less in the PN group. However, Heidegger reported data on new infections after day 9, whereas randomization took place after day 3. SPN was provided on day 4, and the SPN group had more total infectious events between day 4 and day 8 (34% [52/153] versus 28% [43/152]). Total infections between day 4 and day 28 are similar (114/153 versus 100/152) and nonsignificantly different [17] [18] [19] .
No differences were found in infection rates in patients receiving EPN in other studies [11, 14] .
Nutrition targets
Results are shown in Table 8 . The studies by Cahill and Kutsogiannis found a more adequate intake of calories in the EPN group (74.1% and 81.2%, respectively; p < 0.0001) compared to the LPN group (57.4% and 64.3%, respectively; p < 0.0001) [12, 16] . Similar results were found when addressing the adequacy of protein intake (71.5% and 80.1%, respectively, in the EPN group compared to 53.2% and 59.9%, respectively, in the LPN group; p < 0.0001). Heidegger [15] observed a higher rate of patients reaching their calculated energy target in the PN group compared to the EN group (mean energy delivery as percentage of target was 103% and 77%, respectively; p < 0.0001).
Mechanical ventilation
Results are shown in Table 9 . Duration of mechanical ventilation data showed divergent results among studies. When EN in combination with EPN is compared to EN with a placebo, no differences were found [11] , but comparing EPN with standard care showed a shorter duration of mechanical ventilation (0.47 days) in favour of EPN (p = 0.01) [14] . In contrast, in LPN patients, Casaer reported a relative reduction of mechanical ventilation duration (9.7%) among patients requiring ≥2 days of mechanical ventilation compared with EPN [13] .
LPN was associated with a longer duration of mechanical ventilation in both observational studies when compared with EN (18.2 versus 9.3 median days; p < 0.001 [12] and 14.5 versus 8.4 median days; p = 0.007 [16] ). However, they did not compare EPN and LPN. Furthermore, the study by Heidegger showed no differences in mechanical ventilation duration comparing LPN to EN (mean 153 versus 166 h; p = 0.2912 [15] ).
Renal replacement therapy
Results are shown in Table 9 . Casaer [13] found a significant shorter duration of renal replacement therapy (RRT) among patients on LPN compared with EPN (median 7 versus 10 days, p = 0.008). Other studies investigating RRT duration did not find significant differences [11, 15] . 
Glucose control
Results are shown in Table 9 . In one study glucose control was more strict in the EPN than in the placebo group (p = 0.0392) [11] . Hypoglycaemia more often occurred in the LPN patients compared with EPN patients (3.5% versus 1.9%; p = 0.001) in one study [13] ;
however, no differences in hypoglycaemia were found in another [15] .
Muscle wasting and fat loss
Results are shown in Table 9 . Doig [14] reported less muscle wasting (0.43 versus 0.27 score increase per 
Discussion
We reviewed relevant studies on early or late SPN in critically ill adult patients. Results should be interpreted with caution as study populations differed markedly (medical versus surgical versus mixed) and often different primary and secondary end points were addressed. Furthermore, definitions for early and late SPN varied markedly. For this reason, we decided not to provide forest plots of results.
Mortality
Mortality rates at various end points showed no significant differences between EPN and LPN groups. Followup duration in the selected studies varied from 28 days until 2 years. This may have resulted in incorrect lower ICU or hospital mortality rates in studies with shorter follow-ups, as some patients still may have been hospitalized at day 28. However, early SPN does not show to reduce mortality.
Morbidity
Commencing early PN does not result in benefits in ICU or hospital length of stay. Duration of renal replacement therapy may increase by EPN. Effects on duration of mechanical ventilation are contradictory. Doig [14] showed that EPN resulted in significantly fewer days of invasive ventilation; however, the mean reduction of ventilation duration was only 0.47 days and could not be translated into a significantly shorter ICU or hospital length of stay. In contrast, Casaer showed that more patients needed prolonged ventilation in the EPN group [13] .
Infections reported after randomization were either nonsignificant or increased during EPN. The lower number of antibiotic days and more antibiotic-free days in the EPN group versus the LPN group in the study by Heidegger may be explained by either a lower total number of infections reported in the EPN group or only reporting infections after day 9 (and randomization occurred at day 3). Early SPN does not reduce infectious morbidity and even seems to increase infection rates.
Nutritional intake, metabolic consequences and effects on body composition
Three studies examined the energy, calorie and protein delivery [12, 15, 16] and found that PN promotes reaching energy and protein targets. Within the PN groups, EPN resulted in more optimal intake of calories and proteins, suggesting better feeding adequacy compared with LPN. Strikingly, these findings do not translate into marked differences in end points. Effects on glucose regulation and incidence of hypoglycaemia were not consistent. Other studies have demonstrated clearly that parenteral nutrition negatively affects insulin sensitivity and that parenteral-nutritioninduced hyperglycaemia is associated with increased morbidity and mortality [20] .
One study reported EPN to be protective against both muscle wasting and fat loss. Although this might be expected to translate into improved recovery of physical function, mortality and length of stay obtained 60 days after enrolment did not differ between groups [14] . Meanwhile, a preplanned substudy of the EPaNIC study showed that early parenteral nutrition did not prevent the wasting of skeletal muscle in critical illness and increased the amount of adipose tissue within the muscle compartments [21] .
Economic consequences
In general, acquisition costs for parenteral nutrition are higher compared with enteral nutrition [11, 22] . Doig and co-workers showed a small reduction in duration of mechanical ventilation in patients on EPN [23] . This incurred lower costs estimated at US$3,150 per patient (95% confidence interval US$1,314 to US$4,990) [23] . In contrast, Casaer and co-workers showed significantly higher expenditures up to a mean total cost increase of 1,210.00 EUR/patient (p = 0.02) by EPN, when incorporating the full PN costs. This was mainly due to the acquisition costs of PN and anti-infective medications [24] .
We believe that a reasonable interpretation of the present evidence is that EPN in adult critically ill patients does not confer clinically relevant benefits compared to LPN with respect to morbidity and mortality end points. Some studies report small benefits, others no effect or even increased morbidity.
Patients that reach energy and protein targets by the enteral route show better outcomes than patients that did not [25, 26] , whereas reaching these targets through addition of PN seems to provide different and potentially less beneficial effects. Clearly, providing calories and proteins through EN or PN induces divergent effects.
At present, it is unclear which factors induce the negative pathophysiological effects of early administration of PN that counterbalance the beneficial effect of a more optimal nutritional intake with respect to calories and proteins. Potentially, SPN may interfere with the early inflammatory response present in most ICU patients. Among negative effects, autophagy has been suggested. Autophagy is the basic catabolic mechanism that involves cell degradation of unnecessary or dysfunctional cellular components through the actions of lysosomes. A planned subanalysis of the EPaNIC trial [27] found that tolerating a substantial macronutrient deficit early during a critical illness did not affect muscle wasting but allowed more efficient activation of autophagic quality control of myofibres and reduced weakness. Thus, SPN may hamper the autophagy phenotype. The role of autophagy prevention in critically ill patients has to be determined in the future. Other suggestive negative effects of SPN are increased risk of overfeeding and refeeding, fat overload, glucose intolerance and immunemodulating effects of lipids [28] .
Study limitations
Several limitations in the selected studies were found. Two studies [12, 16] were not randomized controlled trials; therefore, inclusion bias may have occurred, treatment was not blinded and we found statistically significant differences in baseline characteristics. Furthermore, results were based on partly overlapping study groups. In the Cahill study [12] , all surgical patients were excluded to select a more homogenous study population, as surgical patients typically are more difficult to feed, have lower tolerance to EN, and receive less nutrition compared to medical patients. This reduces external validity for surgical ICU patients. Furthermore, both groups receiving PN (EPN versus LPN) were relatively small potentially causing insufficient power to detect clinically relevant differences. The study by Heidegger and co-workers [15] was heavily criticized for performing analyses on new infections between days 9 and 28, whereas randomization occurred on day 3. The registered protocol indicated that the primary outcome was the infection rate in the first 28 days, not just between day 9 and day 28. SPN was provided on day 4, and the SPN group had more total infectious events between day 4 and day 8 (34% [52/153] versus 28% [43/152]). Total infections between day 4 and day 28 appear quite similar (114 versus 100). Selective outcome bias seems to be present [17] [18] [19] .
Then, the authors state that 25 to 30 kcal/kg per day was the target for adequate energy intake. But control patients received only 20 kcal/kg per day, potentially increasing the risk of underfeeding-related complications, such as infections. The intervention group, which received 28 kcal/kg per day through enteral nutrition plus 10 kcal/kg per day parenterally, showed a significantly lower rate of infections compared with the control group receiving 20 kcal/kg per day. The authors conclude in favour of the parenteral supplementation; however, observed differences might be only related to a higher calorie intake [29] .
The study performed by Doig [14] was prematurely terminated for financial reasons. This has changed the period of follow-up and therefore might have influenced the presented results.
Finally, in the study by Casaer [13] , almost 90% of the patients studied were surgical patients, the majority of whom (58.5%) appeared to be admitted electively. Study patients remained in the ICU for a limited time, with more than 70% of subjects averaging only a 3-to 4-day length of stay. These patients were only moderately severely ill, with an 8% ICU mortality. Therefore, this could suggest that external validity for critically ill patients with higher severity of illness and medical patients is limited; however, a post-hoc sensitivity analysis addressing the effects of severity of illness did not impact on the reported results [30] . Furthermore, it is hard to attribute all adverse events in this study to early PN, when the majority of study patients received limited exposure to early PN and more than 70% of the late PN group did not receive PN at all. It is therefore conceivable that benefits of late PN were seen because the majority of patients received no PN or early high-glucose loading. Patients randomized to the EPN group received glucose 20% at 40 ml/h on the admission day, in contrast to patients randomized to the LPN group. They received a volume of glucose 5% that was required to obtain adequate hydration taking into account the volume of EN that was being delivered [31] . In addition, all patients in both groups were managed by tight glucose control, using the protocol reported by Van den Berghe [32, 33] . This concept of tight glucose control has subsequently been shown to be ineffective and potentially harmful [34] . It is unclear how this glucose loading and tight glucose regulation strategy impact on the reported effects of early and late SPN.
Other methodological issues may have influenced reported results such as incorrect interpretation of data due to inappropriate censoring for time-to-event analyses when the duration of follow-up is not identical for all subjects. This could be relevant for end points such as ICU and hospital length of stay or hospital mortality. This problem can be circumvented by reporting landmark time-to-event analysis (for example, 180-day mortality) in all patients [35] . As this has not been done in many studies, inappropriate censoring may be present and may invalidate reported data.
Strengths of this systematic review are the large number of patients studied in the selected studies (n = 10,060) and the structured analysis and appraisal of the available literature.
However, several limitations of this systematic review also have to be mentioned. Definitions of EPN and LPN are different among studies. When the 'early' period stops and the 'late' period starts is not defined. Late may be considered at the end of the first week [36] . Furthermore, the study design, year of patient inclusion and primary and secondary end point variations may affect interpretation of overall results. Moreover, insufficient information is available on vitamins, trace elements and parenteral lipids used.
Conclusions
In adult critically ill patients, when full enteral nutrition support is not possible or fails to reach caloric targets, early administration of supplemental parenteral nutrition compared with late administration (at the end of the first week after ICU admission) does not confer major benefits with respect to morbidity and mortality. However, considering that infectious morbidity and resolution of organ failure may be negatively affected through mechanisms not yet clearly understood and acquisition costs of parenteral nutrition are higher compared with enteral nutrition, the early administration of parenteral nutrition cannot be recommended. Additional research is warranted to recommend the optimal timing of SPN in critically ill adults. Competing interests RB and DT declare no competing interests. AVZ has received honoraria for advisory board meetings, lectures and travel expenses from Abbott, Baxter, Danone, Fresenius Kabi, Nestlé, Novartis and Nutricia. No funding was utilized in the preparation of this manuscript. There was no administrative, technical or material support.
